coatings. The multi-layer coating structure can also overcome the weakness of single coating layer.
INTRODUCTION
Oxidation of metals and alloys at high temperatures can be treated as a special case of metallic corrosion, in which solid phases react either with a gas or liquid phase. To improve the resistance of materials against high temperature oxidation and electrochemical corrosion, coatings or surface modifications were often used.
Micro-laminated metal oxide coatings have great potential for applications in protection of metals from corrosion and oxidation, therefore attracting considerable interest in recent years. Micro-laminated coatings are composed of alternate layers of two or more different material in order to achieve better surface properties than those with a coating of single material.
Each layer of micro-laminated coatings has a thickness in the range of nanometer or sub-micrometer. Since the spacing between the layers is so small, the defects structure can be effectively affected by the large number of interfaces. Therefore, the micro-laminated coatings have a number of improved properties including fracture toughness, fatigue and impact strength, and oxidation and hot corrosion resistance l\l. It is evident that the characteristics of micro-laminated coatings in service depend on not only the properties of the The oxidation and scale spallation resistance of the coatings on Fe-Cr alloys were also investigated.
EXPERIMENTAL
An electrochemical deposition method was used to apply micro-laminated oxide coatings onto the sample surface. Deposition and sintering was alternately repeated for the required times.
Fe-13Cr and Fe-18Cr alloys were used as substrates.
The samples have a size of 15x10x2 mm. All surfaces of the specimens were ground with 1500 grit SiC paper, followed by ultrasonic cleaning with alcohol and deionized water.
High temperature oxidation was carried out in a horizontal furnace at 1173K in air. The specimens were placed in quartz crucibles, which had been heated to a constant weight. After a certain time of oxidation exposure, mass gains were recorded using an electronic balance with an accuracy of 10" 5 g. The curves of oxidation kinetics and oxide scale spallation were plotted separately by using the mass changes vs. time.
High-resolution SEM and XPS were used to characterize the micro-laminated coatings. The composition and phases of the oxide scales formed were analyzed by EDS and XRD. The surface morphology of the oxide scales after oxidation was also observed on SEM. is used as the top layer due to its high melting point and low solubility in molten salt. Figure 2b shows the surface morphology of a coating after annealing at 873K
RESULTS AND DISCUSSION

Characterization of coatings
in air for I hour, exhibiting nano-sized particles.
It is believed that the cracks in the two-layer coatings are mainly caused by the stresses in the substrate and volume shrinkage of the coating during the sintering process. With multilayered Zr0 2 and A1 2 0 3 deposition, the stresses can be better accommodated, and the propagation of the cracks becomes more difficult. Furthermore, the deposition should take place preferentially at the cracks where the current density should be higher than in other areas. Nano-particles can also "pin" the newly deposited materia! into cracks, enhancing the adherence between the ceramic layers and alloy substrates /18/. This probably is why the multilayered coating formed after six-deposition has a uniform and smooth surface. . A singe oxygen peak from zirconia or alumina appearing at -531 eV is also shown in Figure 3c . The calculated ratio of O/Zr intensity in the zirconia layer is 1.96, and the O/Al is 1.49 in the alumina, indicating that the deposited zirconia and alumina layers have a composition close to the stoichiometry of Zr0 2 and A1 2 0 3 . Y 1+ has not been detected by XPS, perhaps due to the small amount present in the solution.
Oxidation kinetics
The mass gains of Fe-13Cr alloy with and without coatings after 50 hours oxidation at 1173K in air are illustrated in Figure 4 , respectively, indicating that multi-layers of coating were effective to achieve good oxidation resistance. By comparing Figure 4a with Figure 4b , the oxide scale spallation for different samples followed a similar trend as the mass gains. That is, more mass gains corresponded to larger scale spallation. It should be particularly pointed out that there was almost no oxide spallation for the sample coated with 3ZA coating. 
